ABSTRACT: Waste gases from periodic processes often contain VOC concentrations which fluctuate significantly. This causes trouble during their cleaning, for example by thermal destruction. A simple experiment has demonstrated that such concentration fluctuations can be dampened by flowing the polluted gas through a layer of adsorbent. Measurements of balancing the concentration fluctuations of triethylamine (TEA) by flowing through an activated carbon bed showed that balancing average TEA inlet concentrations of 7-30 g/m 3 occurs at a superficial velocity lower than 4-0.6 cm/s, which corresponds to a residence time of 37-250 s. An important notion is that balancing the fluctuations may be achieved independently of dividing the time of TEA presence in the inlet air if the given average 8 h TEA concentration at the inlet can be retained.
INTRODUCTION
In recent years, volatile organic compounds (VOCs) have become one of the most harmful pollutants to human health. However, technologies for cleaning gases containing constant concentrations of VOCs are available commercially. Thus, a system of adsorption beds, which need to be regenerated after saturation, is often used for lowering the emissions of VOCs (Yang 2003) . The problem with this setup is the time lost when manipulating the saturated adsorbents and the waste coming from the regeneration facility. Another method of VOCs disposal is their thermal or catalytic oxidation (Everaert and Baeyens 2004) . There is no problem in utilization these facilities for cleaning waste gases of constant or only slightly fluctuating concentrations of VOCs. However, if the concentration fluctuations occur over a range of several orders of magnitude (as in periodically operating driers and spray booths, for example), this can cause problems for subsequent gas cleaning.
Oxidation of VOCs vapours occurs during their thermal destruction. The prerequisite for the ideal oxidation of combustible compounds is to maintain the temperature over the relatively narrow range for which the combustion unit has been designed. If the temperature drops below a certain point, imperfect oxidation and/or the formation of other organic compounds, which can be more harmful than the original compounds in the waste gas, can occur. If the temperature rises above a certain point, the combustion unit can be damaged. The equipment is protected against this by an emergency shutdown. After such shutdown, the waste gases are released into the environment without any cleaning until the equipment is operational once more. The calorific value of the waste gas changes with the concentration of combustible compounds. In order to keep the temperature within the correct range, the devices for thermal destruction are equipped with a smooth and fast regulation of the burner's power, automatic inflow of the diluting air and even the option of water-cooling the combustion chamber. Even such complicated, expensive and sometimes problematic regulation does not always allow the waste gases to be processed, particularly those in which the concentrations of combustible compounds fluctuate relatively rapidly over a range of several orders of magnitude. The problems of operating thermal destruction equipment caused by fluctuating concentrations of VOCs could be effectively solved by balancing the concentration of such compounds present in the waste gas before it enters the thermal destruction unit.
Results from measurements of the performance of an activated carbon (AC) process adsorber used for cleaning the off-gas from a periodically operating drier provided the key pieces of information for the work reported herein. The off-gas contained a mixture of VOC vapours (gasoline, toluene, esters, acetone) whose concentrations varied between 0-3600 ppm TOC. During measurements at the saturated adsorber stage, it was found that the outlet concentration of VOCs was stable over the concentration range of 750-770 ppm regardless of the fluctuations of the inlet concentration. It was established that the fluctuating VOC vapours were balanced in the adsorber under consideration and that this phenomenon could be applied during processes which are negatively affected by fluctuations of VOC vapour concentrations in a flowing gas, e.g. the above-mentioned thermal oxidation of VOCs.
Here, we present data arising from industry-orientated studies ( ervenka and Obalová 2010). The assignment was to solve a problem with a fluctuating VOC concentration in the off-gas from a periodic chemical production where trimethylamine (TMA) was one of the reactants. The off-gas, containing mainly TMA vapours, was being cleaned in a thermal oxidation unit. The operational problem with the thermal oxidation unit lay in the fact that more than 95% of the VOCs were contained in the off-gas during a 2-h period from an 8-h long batch. During these two hours, the main operations were de-pressurizing, emptying and filling up the reactor. At an average concentration of 16 g TMA/m 3 per shift, the immediate concentrations in the waste gas ranged from 0.1 g TMA/m 3 to 150 g TMA/m 3 . Despite all the necessary regulations, the thermal oxidation unit was not capable of handling such rapid increases in concentration.
Due to the low boiling point of TMA (3.5 °C), triethylamine (TEA; b.p., 89.4 °C) was used for the laboratory verification of the possibility of levelling a fluctuating concentration. TEA is a hazardous toxic air pollutant. Its sources include emissions and effluents arising from its production and its use as a catalytic solvent in chemical synthesis, an accelerator activator for rubber, a corrosion inhibitor, a curing and hardening agent for polymers, a propellant, in the manufacture of quaternary ammonium compounds, in the desalination of sea water, and in sewage treatment plants (http://www.scorecard.org). Activated carbon was selected as the adsorbent due to its high adsorptive capacity for VOCs (Wang et al. 2004; Yi et al. 2009 ) and its relative low cost.
The aim of the work presented was (i) establishing a basis for the design of an operational adsorber unit, viz. equipment for levelling fluctuating VOC (mainly TMA) concentrations at the input to the VOC combustion unit and (ii) obtaining basic knowledge regarding the response of outlet concentrations to changes of the inlet concentrations at the different values of the average inlet concentrations.
EXPERIMENTAL

Activated carbon
Commercial granulated activated carbon (MA C6 D40 CZ, Resorbent, Czech Republic), prepared from black coal by high-temperature steam activation, was used as the adsorbent without any pre-treatment. The surface area and porous structure of the AC were evaluated from nitrogen adsorption/desorption measurements at -198 °C using an ASAP 2010 instrument (Micromeritics Corp., Norcross, GA, U.S.A.), and calculations involving the modified three-parameter BET method (Schneider 1995) and Horvath-Kawazoe methods, respectively. Prior to all measurements, the samples were dried in a drying box at 105 °C for 1 h, then evacuated in the ASAP instrument. The true density was measured using a helium pycnometer (Pycnomatic, Thermo Finnigan, Italy). The bulk density (Hg) was determined by Hg porosimetry (AutoPore 9500, Micromeritics Corp., Norcross, GA, U.S.A.). The particle porosity, ε, was calculated employing equation (1): (1) where ρ is the true density and ρ b is the density of the AC particles. The physical properties of the AC are summarized in Table 1 . 
Experimental setup
A schematic representation of the principle of balancing the concentration fluctuations via the flow through the AC bed is shown in Figure 1 . The experimental apparatus for the simulation of TEA concentration fluctuations and their balancing is depicted schematically in Figure 2 . The apparatus consisted of a section for preparing the gas mixture, a column with a layer of activated carbon and a section for analysis of the gas mixture.
The section for preparing the gas mixture contained three membrane pumps, with pump 2 being permanently switched on to ensure a continuous flow of clean air. The other two pumps (11, 12) were activated via two 24-h switch clocks which allowed both pumps to be turned off and on simultaneously. The air from pump 11 went through a washer fitted with a glass frit and containing triethylamine. The second timer-controlled pump (12) supplied clean air. The switch clocks were set so that air could either be pumped through the washer by pump 11 or pass through pump 12 at the same gas volume flow. The air flow pumped by the individual pumps was measured and regulated by rotameters. A demister was placed after the washer to catch any drops of triethylamine which might potentially escape. The air supplied by all three pumps was run into the column through the layer of activated carbon.
The column consisted of a pipe made from industrial-grade glass with an inner diameter of 50 mm into which 3 ᐉ of granulated AC weighing 1912 g was poured to produce a bed height of 1500 mm. 1 -column containing AC, 2 -membrane pump for air, 3 -switch clock for air membrane pump, 4 -rotameter for air, 5 -nipper, 6 -washer with TEA solution, 7 -demister, 8 -washer with H 2 SO 4 solution, 9 -sampling membrane pump, 10 -rotameter for sample analysis, 11 -membrane pump for air to be saturated by TEA, 12 -membrane pump for air, 13 -rotameter for air saturated by TEA vapour (when the presence of TEA in the air at the column inlet was required) or for pure air (when the presence of TEA in the air at the column inlet was not required).
Determination of the TEA concentration
The TEA concentration in the air at the column outlet was determined by volumetric analysis. Thus, a gas sample was drawn off from one arm of the T-shaped piece at the top of the column by means of a membrane sampling pump, passed through a washer containing a solution of sulphuric acid and thence into a dry flask (demister). The air was released from the pump to the atmosphere by means of a rotameter. In between measurements of the TEA concentration in the gas, the measuring washer was substituted by a larger one containing a more concentrated solution of sulphuric acid. Thus, the sampling pump could be operated constantly; the purpose of this modification was to limit the effect of TEA adsorption on the walls of the demister. The concentration of TEA in the air at the column outlet was determined by volumetric analysis involving the adsorption of alkaline TEA into a dilute solution of sulphuric acid where reaction occurred according to equation (2): (2) This equation indicates that 1 g of sulphuric acid would be required to neutralize 2.06 g of TEA.
Bromothymol Blue was used as the indicator for such a titration. The mean TEA concentration at the column inlet was determined by weighing the washer containing TEA. All experiments were undertaken at ambient temperature and pressure.
Procedure and evaluation of the experiment
All experiments were undertaken so that three similar 8-h cycles were repeated using the switch clock during any 24-h period (similar to three work shifts). The 8-h cycle was chosen because the work shift represents the most frequent period for repeating concentration fluctuations in the production of a batch of fine chemicals. One cycle consisted of one or more period with a high TEA concentration in the air at the adsorber inlet; pure air flowed into the adsorber during the rest of the 8-h cycle. Having set the cycle parameters (flows of air and TEA, duration of period with TEA concentration at the inlet), the apparatus was allowed to stabilize. The stabilization time before the first experiment was ca. 9 d. During this time, saturation of the AC bed by TEA vapour occurred with a quasi-steady state being attained during the periodically repeated cycles. In other experiments, the apparatus with set parameters was stabilized over a period of eight cycles (64 h). When the average TEA concentration and total gas flow were not changed, the stabilization time was at least two cycles (16 h). The attainment of a quasi-steady state was controlled by the TEA material balance when the average TEA concentration at the column inlet per cycle duration [ in equation (3) below] was approximately equal to the average TEA concentration per cycle as measured at the column outlet.
Three series of TEA concentration measurements in the air at the column outlet were undertaken after stabilization at different superficial velocities (4, 3, 2, 1 and 0.6 cm/s), duration and values of the TEA concentration at the bed inlet, leading to an average TEA inlet concentration of 7-30 g/m 3 . Predetermined values of the flows and the clock switches were employed. In addition to the immediate TEA concentrations at the column outlet, the readings of all the rotameters were registered during the experiment. These data provided the basis for the calculation of the real superficial velocity and average TEA concentration at the column inlet per cycle duration. Ignoring the time for the evaporation of TEA, the TEA concentration in the air at 
In these relationships, Δm TEA (g) is the weight loss of TEA during one cycle, τ TEA (h) is that part of the cycle when the TEA/air mixture flows through the column, τ cycle (h) is the time length of the cycle and V .
/h) is the gas volume flow rate.
Measurement accuracy
All measurements were considered to be only semi-quantitative, basically because of the limited accuracy of measuring the flow by rotameters and the effect of temperature. The relative error of the gas flow measurements was ± 2-5%. The temperature also partly influenced the liquid/vapour equilibrium during TEA evaporation and also the adsorption/desorption equilibrium in the AC bed to some extent. For this reason, care was taken to keep the temperature in the laboratory in the range of 19-21 °C. The weight of the washer could be determined to an accuracy of ±0.5 g, while the accuracy of TEA analysis was better than 1% rel. The calculated relative error for the average TEA concentration at the column inlet per cycle duration was 13%, while the relative error of the inlet TEA concentration was 8%. Material balance of TEA at the outlet (from measurements of the outlet concentrations) and evaporated TEA (from weighing of the washer containing TEA) was satisfactory despite the imperfections mentioned above.
RESULTS AND DISCUSSION
In the first series of experiments (Figure 3) , TEA with a concentration of c o TEA = 75 ± 6 g/m 3 was present at the AC bed inlet for 2 h; for the rest of the 8-h cycle, clean air was flowing through the column (i.e. the average TEA concentration at the column inlet per cycle duration, = 21 ± 3 g/m 3 ). The aim of this series of experiments was to establish the conditions under which the TEA concentration at the AC bed outlet would be constant, i.e. the outlet TEA concentration during the 8-h measurement cycle would not show a maximum corresponding to a step change in the inlet concentration. Experiments were carried out so that the total volume flow rate of the gas through the column was gradually decreased while the average TEA concentration = 21 ± 3 g/m 3 was retained. On decreasing the flow, the superficial velocity diminished whilst, at the same time, the residence time of the gas in the AC bed increased. The first experiment employing a superficial velocity of ca. 4 cm/s exhibited a local maximum corresponding to the time period for the presence of TEA vapours in the air at the column inlet. When the superficial velocity was decreased to 3 cm/s and 2 cm/s, the relative magnitude of the local maximum decreased whilst, at the same time, its phase shift relative to the time period when TEA vapours were present in the air at the column inlet increased. At a superficial velocity of 1 cm/s, the local maximum virtually disappeared and the TEA concentration at the outlet could then be considered as balanced. A superficial velocity of 1 cm/s was therefore the maximum superficial velocity at which balancing of the concentration fluctuation at the AC bed inlet occurred. This rate corresponded to a minimum residence time of 140 s.
In the second series of experiments, the aim was to determine the extent to which the determined maximum of the superficial velocity was affected by the magnitude and arrangement of the concentration fluctuations at the AC bed inlet, retaining an average TEA concentration = 21 ± 3 g/m 3 throughout. Figure 4 shows the effect of the length of the time period during which TEA was present in the inlet air during an 8-h cycle (2, 4 and then 5 h). It may be concluded from the results obtained that, at the same average concentration per 8-h cycle, the length of the time period had no significant impact on the maximum superficial velocity. Figure 5 below depicts experiments in which the time period during which the presence of TEA vapour in the inlet air during the 8-h cycle was divided into several parts. The figure also provides a comparison between experiments where, at a similar superficial velocity and average concentration, the TEA vapour inlet was maintained in one time period throughout. It will be seen from the data depicted that, in all experiments with several time-divided concentration peaks at the AC bed inlet, the AC bed outlet concentrations were more balanced than in experiments with only one time period. The key parameter for scaling-up is the minimum residence time necessary for levelling to the same VOC average inlet concentration as employed in the real process. For this reason, experiments for levelling the TEA concentration fluctuations at different average inlet TEA concentrations (7, 9, 12, 30 g/m 3 ) were performed in a third series of experiments. The minimum residence time was determined for each TEA average inlet concentration, with the corresponding results being summarized in Figure 6 below. The area above the curve depicted in this figure is important for the design of the process adsorber. The minimum necessary volume for the AC bed employed in the process will be obtained as a product of the volume flow of treated gas and minimum residence time necessary for levelling a particular average inlet TEA concentration.
In order to obtain the correct interpretation from the various experiments, it was important to wait for the generation of a quasi-stabilized state, when the average TEA concentration, , would be equal to the average concentration measured at the column outlet. A possible explanation of the processes occurring in the saturated adsorbent layer is as follows.
Adsorption and desorption of the compound occurs simultaneously in the AC bed. When the periodically fluctuating concentration of the compound at the layer inlet is low, the concentration at the outlet is higher due to desorption. At the same time, part of the adsorption bed capacity is released. The released adsorptive capacity is then utilized for adsorption of the compound when the inlet concentration is high. For complete balancing of the outlet concentration, it is essential that the adsorption capacity released at the time of low inlet concentrations is sufficiently high. If this is not achieved, the high inlet concentration leads to an increase in the outlet concentration, even though with a delay and at a different absolute value. The same equilibrium applies for physical adsorption and desorption; however, both processes proceed at different rates, with adsorption being fast but desorption being slow. The residence time of the waste gas in the adsorbent bed is important for the slow desorption. When the residence time is longer, a greater amount of the TEA desorbs to the air exiting the AC bed. This increases the TEA concentration in the gas at the bed outlet at the time of low concentrations. To balance the cyclically changing inlet concentrations, the residence time in the AC bed must be such that the outlet concentration of TEA caused by desorption corresponds to the average concentration of TEA in the waste gas entering the layer.
Thus, there are several key parameters which must be known in designing a facility for balancing the concentrations of organic compound vapours in the waste gas from an actual source, viz. (i) the volume flow rate of the waste gas and (ii) information about the concentration of the VOCs (its average value, its maximum value, the periodicity with which any concentration changes occur). The required residence time can be determined employing the laboratory apparatus described herein or by means of a relatively simple device inserted directly in the operational process. This device can be constructed using a column containing the adsorbent, a flow meter and a gas pump. The device is then attached to the waste gas pipe system. Part of the waste gas is drawn off through the column and the flow meter using the pump. The adsorbent bed is saturated at a selected flow. The concentration of the VOC vapours at the column outlet is then measured at least during one cycle (shift, etc) . If the concentrations are constant (within about 5-10% of the average value), a higher gas flow rate is set for the next experiment and, after stabilization, the measurement is repeated. If the outlet concentrations fluctuate, a lower gas flow rate is set for the next experiment. The maximum flow rate of the waste gas through the column, and the necessary residence time at which the adsorbent bed is capable of balancing the concentrations in the waste gas, can be determined using this method.
The adsorbent capacity for a given compound (compounds) is the key parameter for the levelling process. The higher the adsorption capacity, the more effective will be the observed levelling, i.e. levelling will be accomplished at a lower residence time at the given average VOC concentration. Activated carbon is the most suitable adsorbent for achieving such levelling of VOCs.
CONCLUSIONS
Measurements aimed at balancing concentration fluctuations of triethylamine by a flow-through activated carbon bed have been undertaken. Three main points arise from this study: (i) a sufficiently dimensioned AC bed is capable of effectively damping a fluctuating concentration of VOC vapour; (ii) the residence time necessary for the levelling of fluctuating VOC vapour concentrations increases as the average VOC concentration in the flowing gas increases; and (iii) a simple experimental procedure is available for determining the volume of AC bed necessary for levelling fluctuating VOC vapour concentrations. Since the influence of the AC bed (height/crosssection ratio) at the same bed volume was not evaluated in the present work, the bed height in the model adsorber should correspond to the assumed bed height in the proposed industry adsorber. Activated carbon was used as the adsorbent in the present study due to its attractive utility value/price ratio. It would be possible to improve the process by the use of a more effective adsorbent; however, this would increase the operational costs. It is expected that, in addition to VOC vapour, fluctuating concentrations of other vapours (e.g. NO, CO 2 , odours) on different supports (zeolite, clays, etc.) might also occur. This indicates that physical adsorption would be the necessary tool for handling such situations.
Employing an AC bed with a fixed volume for balancing the concentrations of organic compound vapours in a waste gas presents an inexpensive and reliable solution which does not require any manipulation. Thanks to the extreme simplicity of the operational mode, minimum maintenance costs can be expected.
